Smoke management design for buildings such as atria and multi-level complexes often requires consideration of smoke produced from a balcony spill plume. This work provides new experimental data to characterise entrainment of air into a balcony spill plume using the approach of physical scale modelling. For a balcony spill plume without entrainment of air into the ends, this work has demonstrated that existing simplified design formulae generally apply for plumes generated from a range of fire compartment geometries. A further simplified design formula is proposed for this type of plume. For a balcony spill plume with entrainment of air into the free ends, the rate of entrainment appears to be specifically dependent on the characteristics of the layer flow below the balcony edge. A simplified design formula is proposed by developing a general empirical expression to describe entrainment of air into the ends of the plume. This work goes some way to explain and reconcile differences in entrainment reported between previous studies and provides improved guidance to designers of smoke management systems.
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INTRODUCTION
The design of smoke management systems for buildings such as atria, covered shopping malls and sports arenas require appropriate calculation methods to predict the volume of smoky gases produced in the event of a fire. In design, consideration is often given to entrainment of air into a smoke flow from a compartment opening that subsequently spills at a balcony edge and then rises into an adjacent atrium void. This type of thermal plume is commonly known as a balcony spill plume. There are several calculation methods available for the balcony spill plume, which range from semi-empirical simplified design formulae [1] [2] [3] [4] [5] to more complex theories [6, 7] . There has been much controversy over the validity of various calculation methods for the balcony spill plume and there are considerable differences in the calculated smoke production rates predicted using these methods [1] . This paper aims to provide information regarding balcony spill plume entrainment using the approach of physical scale modelling. New experimental data has been obtained to rigorously characterise balcony spill plume entrainment by varying the type of plume, fire compartment geometry, fire size and height of rise of plume. Entrainment has been characterised for balcony spill plumes with and without entrainment of air into the ends. In general, this paper seeks to provide a better understanding of spill plume entrainment in an attempt to resolve and reconcile the differences from previous studies and to provide improved guidance to designers of smoke management systems.
PHYSICAL SCALE MODELLING
The approach of physical scale modelling is well established and has been used in many studies of smoke movement in buildings. The approach described in this paper follows that primarily developed at the Fire Research Station in the UK [8, 9] and takes the form of reduced scale fires within a physical model. This approach is also described by Klote and Milke [10] . Measurements are generally made of temperature, velocity and gas concentrations, in addition to visual observations. Measurements can be extrapolated to full scale using the appropriate scaling laws. To ensure that the results can be extrapolated to full scale, the physical scale model used in this study was designed to meet the scaling principles set out by Thomas et al [8] . This is effectively a modified Froude number scaling and requires that the equivalent flows are fully turbulent on both full and model scale.
THE EXPERIMENT
The apparatus used for this work was a 1/10 th physical scale model (see Figure 1) . The model simulated a fire within a room adjacent to an atrium void, and consisted of two main units, the fire compartment and a smoke collecting hood. The model employed a similar technique to that used by Zukoski et al [11] to measure entrainment of air into unbounded axisymmetric plumes. The fire compartment was constructed from 25 mm thick Ceramic Fibre Insulation (CFI) board with a 1 mm thick steel substrate on each external face. The dimensions of the fire compartment were 1.0 by 1.0 by 0.5 m high. The height of the compartment opening was equal to the height of the compartment. The width of the compartment opening was varied by inserting walls of equal width at either end of the opening. The inserted walls had widths of 0.1, 0.2, 0.3 and 0.4 m and were constructed from 25 mm thick CFI board with a 1 mm thick steel substrate on the non-fire side of the compartment. A 2.0 m long and 0.3 m broad balcony constructed from 10 mm thick CFI board with a 1 mm thick steel substrate on its upper face was attached to the fire compartment opening. The balcony extended 0.5 m beyond each side of the fire compartment. For those tests examining balcony spill plumes without entrainment of air into the ends (i.e. the 2-D plume), screens were suspended from the ceiling of the collecting hood, in line with each side of the fire compartment opening, to prevent lateral spread of the plume both below and above the balcony. These screens prevented air from entering the ends of the plume over its full height of rise. The dimensions of these screens were 1.2 m wide by 1.4 m high, made from 10 mm thick CFI board with a 1 mm thick steel sheet substrate on the external face. The screens projected across the breadth of the balcony and continued 0.9 m beyond the balcony edge. The screens projected 0.3 m below the balcony and 1.1 m above the balcony. Those tests which examined balcony spill plumes with entrainment of air into the ends of the plume (i.e. the 3-D plume), used channelling screens which were only located beneath the balcony to prevent lateral spread under the balcony. The screens were located in line with each side of the fire compartment opening and projected across the full breadth of the balcony. The screens were made from 10 mm thick CFI board with a 1 mm thick steel substrate on the external face. The screens used were either 0.2 or 0.3 m deep, depending on the compartment geometry and fire size examined. The side walls of the smoke collecting hood were generally constructed from 10 mm thick CFI board with a 1 mm thick steel sheet substrate on each external face. However, one of the side walls was constructed from 10 mm thick transparent acrylic sheet to enable visual observations to be made of the smoke layer within the collecting hood. The model was designed such that the walls could freely move in a vertical direction within a supporting steel frame. This enabled each wall to be moved independently to just below the base of the observed smoke layer in the hood (approximately 60 mm below) allowing unrestricted fresh air to be entrained into the rising plume. This effectively simulated an unbounded balcony spill plume and prevented warming of the air beneath the observed smoke layer. The supporting steel frame was designed such that each side wall could contain up to two, smaller, modular walls each 2.0 m wide by 1.2 m high, which could be bolted together. This would then form a single wall on each face when examining deep smoke layers within the collecting hood. The mechanical smoke exhaust system from the hood consisted of a 0.44 m diameter bifurcated fan attached to the hood exhaust vent using temperature resistant flexible ducting. The gases were exhausted to the outside of the laboratory through flexible ducting connected to the exhaust end of the fan. The fan speed was controllable, which enabled different exhaust rates, and hence, variation in the height of rise of the plume to be examined. The fire source was generated by supplying Industrial Methylated Spirits into a metal tray within the fire compartment at a controlled and measured rate. The tray was 0.25 by 0.25 by 0.015 m high. The hot gases produced from the fire were visualised by injecting smoke from a commercial smoke generator into the fire compartment. This highlighted the flowing gas layer from the compartment and the subsequent spill plume and smoke layer in the collecting hood. The gas temperatures in the model were measured using 0.5 mm diameter bare wire chromel/alumel (K-type) thermocouples. Thermocouples were positioned at various locations in the model as follows: two columns of 15 thermocouples located within the smoke exhaust hood; one column of 18 thermocouples located centrally beneath the balcony edge; an array of 21 thermocouple across the entire balcony edge, projecting 10 mm below the edge; an array of five thermocouples in the throat of the exhaust vent; one thermocouple located centrally within the smoke exhaust duct, 5.0 m downstream of the exhaust vent; two thermocouples, one located next to each of two pitot-static tubes, when measuring velocity profiles of the smoke layer below the balcony edge. A perforated gas sampling tube was located in the exhaust duct, 5.0 m downstream of the vent in the smoke exhaust hood. This enabled measurement of the CO 2 gas concentration in the duct to be made using an infra red gas analyser. The mass flow rate of gases entering the buoyant gas layer in the smoke collecting hood and therefore leaving the hood, was found by using a CO 2 tracer gas technique and calculation method described by Marshall [9] . Vertical velocity and temperature profiles of the buoyant gas layer flow below the balcony edge were made using two pitot-static tubes and a thermocouple. The pitot-static tubes were each located a distance of one-third of the compartment opening width from each side of the opening. Each pitot-tube was connected to a sensitive differential pressure transducer. Gas velocity measurements were made every 10 mm below the balcony edge until the base of the smoke layer was reached (i.e. from visual observations and until a negative flow, from the inflow, was measured). This measurement, in addition to the temperature profiles, enabled the mass flow rate and convective heat flow of the gas layer below the balcony edge to be determined. A series of 97 experiments was carried out as part of an extensive parametric analysis to characterise entrainment of air into a balcony spill plume. For the vast majority of the experiments, a balcony spill plume with air entrainment into the free ends was examined.
For these experiments examining the 3-D spill plume, the total heat output of the fire was varied, three fire sizes were examined of 5, 10 and 15 kW respectively. This equates to a fire size of 1.6, 3.2 and 4.7 MW respectively for a full scale equivalent using the scaling laws. Varying the total heat output of the fire in turn varied the mass flow rate, convective heat flow and depth of the gas layer below the balcony edge. The height of rise of plume above the balcony was also varied, with six different heights examined between 0 to 1.25 m. The width of the fire compartment opening was varied, with widths of 0.2, 0.4, 0.6, 0.8 and 1.0 m examined. Selected experiments were carried out for a balcony spill plume without air entrainment into the free ends to confirm and extend findings from previous work. For these experiments, the height of rise of plume above the balcony edge was varied, with five different heights examined between 0 to 1.02 m. The width of the fire compartment opening was varied, with widths of 0.2, 0.4, 0.6, 0.8 and 1.0 m examined. The total heat output of the fire remained fixed at 10 kW for the experiments without end entrainment.
ANALYSIS
The analysis of 2-D spill plumes often utilises the weak line plume theory described by Lee and Emmons [12] . The plume is assumed to rise from a virtual line source located at a distance below the balcony edge, and makes the assumption of self-similar profiles across the plume (e.g. Gaussian profiles) in terms of velocity and temperature. A constant entrainment coefficient is assumed, providing linearity between the mass flow rate of gases and the height of rise of the plume. Thomas et al [4] and Poreh et al [5] have determined simplified spill plume design formulae for the 2-D plume. Thomas et al used a rigorous dimensional analysis to develop a simplified spill plume model in the form given by Equation 1. This method does not make the assumption of self-similar flow profiles or a constant entrainment coefficient. 
When expressed in this form, the Poreh et al method deals with entrainment into the turning region of the plume, as the layer flow rotates at the balcony edge, by assuming it is the same as the entrainment into the virtual region of the plume, with the virtual origin assumed to be located at the base of the gas layer below the balcony edge (i.e. z 0 = d b ). These methods will be used to analyse the experimental data from this study for the 2-D plume and the 3-D plume by encompassing the additional entrainment into the ends of the plume into the empirical entrainment coefficient(s).
RESULTS AND DISCUSSION

Balcony Spill Plume without Entrainment of Air into the Ends -The 2-D Plume
Previous 1/10 th physical scale modelling work, from separate studies described by Marshall and Harrison [13] has provided data to characterise entrainment of air into a 2-D spill plume. From these data Thomas et al [4] Figure 2 shows the data obtained from this study and previous data by Marshall and Harrison [13] , plotted in a form consistent with the dimensional analysis given by Thomas et al [4] . Figure 2 shows that all the data follow a common linear relationship, which appears to be independent of c Q and W. The intercept on the vertical axis represents the amount of entrainment in the turning region of the plume. The same data are plotted in Figure 3 , according to the method by Poreh et al [5] , including a line representing Equation 4 . Figures 2 and 3 indicate that the data from this study, obtained from a range of W, is broadly consistent with the data from previous work. Performing linear regression for each complete data set shown in Figures 2 and 3 gives α = 0.163 and C = 0.159 with standard errors of 0.003 and 0.001 respectively. Therefore, the additional data from this study is consistent with the dominant regression coefficients in Equations 3 and 4 being equal (within 1 standard error), with a value of 0.16. It appears that Equations 3 and 4 can generally be applied for 2-D spill plumes. The difference between them is the term(s) describing the entrainment of air into the flow below the balcony edge (i.e. the mass flow rate in the plume at z = 0). Existing experimental data describing entrainment into the plume at z = 0 is particularly sparse and has not been characterised in a robust manner. Therefore, in this work, a more extensive data set from 20 experiments was obtained for entrainment at z = 0 in an attempt to characterise and decouple entrainment into the flow below the balcony edge. Figure 4 shows a plot of The data shown in Figure 4 was from those tests which had channelling screens used for the 2-D plume (screens both above and below the balcony) and those screens used for the 3-D plume (screens only below the balcony), as at z = 0 it is expected that the effect of end entrainment into the rotation region will be negligible for the 3-D plume scenario (also assumed by Thomas et al [4] ). Data from previous work by Harrison and Spearpoint [1] and Marshall and Harrison [13] , obtained at z = 0, is also included in the analysis. The data is presented in terms of the time averaged mean value with associated standard errors. 
The difference in α between Equations 7 and 8 (i.e. the 0.22 and the 0.34) provides significant differences in predicted entrainment. Possible reasons for this may relate to differences in the nature of the plume, fire compartment geometry or smoke reservoir geometry between each experimental study. Thus, there is currently uncertainty concerning an appropriate calculation method to predict the entrainment of air for the 3-D plume. To address this uncertainty, this work provides new data to systematically characterise entrainment of air into 3-D plumes. Figure 5 shows a plot of all the data from this study in a form consistent with the dimensional analysis by Thomas et al [4] . Figure 5 shows some scatter of the data which appears to be dependent on W. The data exhibits linearity, with the representative slope of the line through each data set, for each value of W, appearing to increase as W decreases. The slope of the line represents the rate of entrainment with respect to height above the balcony. Figure 5 indicates that plumes generated from narrower openings tend to entrain air at a greater rate with respect to height, compared to plumes generated from wider openings. The difference in entrainment appears to be dependent on the nature of the rising plume. Figure 6 shows photographs of plumes generated in the scale model from both a wide and a narrow opening. Figure 6 shows that entrainment into the plume rising above the balcony can be considered in two distinct regions. The first
region consists of entrainment into the 2-D region of the plume, rising above, and in line with the compartment opening. The second region is entrainment into both ends of the plume, which, based on visual observations, appeared to be more 3-D in nature, as the lateral extent of the plume increased with height above the balcony. It seems reasonable to expect that the rate of entrainment into the ends of the plume is greater than in the 2-D region of the plume. Figure 6 shows that the majority of the plume from the wide opening consists of the 2-D region, with entrainment into the ends of the plume being less significant in the overall entrainment process. However, for the narrow opening, entrainment into the ends of the plume is more significant in the overall entrainment process. Therefore, it seems reasonable that narrow plumes entrain air at a greater rate with respect to height compared to wide plumes. Figure  7 shows that the general data set does not conveniently pass through the origin (as seen in Figure 3 Figure 7 indicates that any line of best fit through each data set, for each value of W, would give rise to a negative intercept on the vertical axis. This negative intercept infers negative entrainment in the turning region, which is implausible. It appears that for the 3-D plume, the additional entrainment into the ends of the plume, gives rise to a different location of virtual origin (based on data obtained above the balcony) to that assumed in Equation 2. The location of this virtual origin is likely to be dependent on W as the contribution of the end entrainment changes. The use of Equation 2, which was developed for a 2-D plume, may not be appropriate for a 3-D plume, when encompassing the additional end entrainment into a
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'lumped' entrainment coefficient for the entire plume above the balcony. Therefore, the Poreh et al method will not be considered further in this paper for the 3-D plume. The Thomas et al method [4] , given by Equation 1, will be used in the analysis of the 3-D plume, as it does not make the fundamental assumption of a virtual origin. If the entrainment into the flow below the balcony is first considered, the values of the relevant regression coefficients β and γ, from previous work (as given in Equations 7 and 8), are dissimilar to those given by Equation 5 (i.e. β = 1.34 and γ = 0). However, as the values of β and γ given in Equations 7 and 8 were determined from data mainly obtained above the balcony, it is possible that, in the previous work, the additional entrainment into the ends of the plume (above the balcony) has been taken into account by modifying β and γ (as well as α) when linear regression is performed. It seems reasonable to assume that Equation 5 is appropriate to describe entrainment of air below the balcony for the 3-D plume, as, in the analysis, this entrainment was decoupled from the entrainment of air above the balcony. Because of this, the entrainment of air above the balcony has been treated separately in the analysis. To decouple the entrainment of air above the balcony, the measured mass flow rates were modified by subtracting the mass flow rate in the plume at z = 0 for each W and t Q (and hence, c Q ) examined. Thus, for each W, the data set passes through the origin, with the slope of each line representing the regression coefficient, α. Linear regression was performed to determine α with respect to W and t Q . Figure 8 Figure 8 shows that when W = 1.0 m, α ≈ 0.21, which is slightly higher than α for the 2-D plume due to the additional end entrainment. As W decreases, α generally increases, with a maximum value of ≈ 0.38. The difference in α between the 3-D and 2-D plumes is representative of the amount of entrainment into the ends of the plume. Figure 8 shows that as W decreases, the contribution of end entrainment in the overall entrainment process increases, thus increasing the value of α, which is consistent with the analysis described above. For W = 1.0 m, Figure 8 shows that α appears to be independent of t Q . However, as W decreases, the value of α appears to become somewhat dependent on t Q . This is contrary to that observed for the 2-D plume. A possible reason for this may be due to the variation in d b with respect changes in W and t Q . For wide openings, d b was reasonably insensitive to changes in t Q , however, for narrow openings, the observed d b was more sensitive to changes in t Q . It is possible that the amount of end entrainment is directly proportional d b (also postulated by Thomas et al [4] ). A deep layer rotating at the balcony edge will give rise to a plume which rises with broader ends compared to a shallow layer, thus entraining more air. Figure 9 shows a plot of (α 3D -α 2D ) versus (W/d b ) to express the contribution of entrainment into the ends of the plume and to take into account the effect of d b . Figure 9 shows that the data shown in Figure 8 The standard errors of the regression coefficients 0.246 and -0.687 are 0.020 and 0.048 respectively. Therefore, for design purposes it seems reasonable and convenient to express Equation 9 by Equation 10. It appears that it is not appropriate to assign a universal value of α to represent the total amount of entrainment above the balcony due to the varying contribution of end entrainment. Therefore, to develop a general simplified design formula for the 3-D plume, an empirical formula was determined to explicitly describe the mass flow rate of gases into the ends of the plume above the balcony, which can be described by Equation 11.
